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Hertzian Contact Damage in Magnesia-Partially-Stabilized Zirconia
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Hertzian contact damage in magnesia-partially-stabilized
zirconia is examined. Ceramographic techniques and
acoustic emission reveal the damage patterns to be funda-
mentally different in the as-fired, peak-aged, and over-aged
states. Indentation stress—strain curves show that the
plasticity component of the contact deformation increases
monotonically with aging time. Whereas the tetragonal-
monoclinic transformation plays an important role in the
peak-aged material, alternative deformation processes
dominate in the other states: microcracking in as-fired, and
monoclinic twinning in over-aged.

L

ZIRCONIA—BASED materials, specifically magnesia-partially-
stabilized zirconia (Mg-PSZ), can be substantially tough-
ened by phase transformation.'” For a given zirconia, the
usually quoted “toughness” is the plateau value on a rising
R-curve. These long-crack toughness values initially increase
with aging time to a peak value, and then decline, correspond-
ing to an optimal state for transformation of tetragonal particles
into the monoclinic phase within the crack-tip stress field. This
trend translates in some measure to an optimization in strength
properties.>”

However, long-crack toughness data do not always pertain to
events at the grain scale, where properties like microfracture-
assisted wear are often determined. In alumina, for example,
increasing grain size increases the long-crack toughness but
simultaneously diminishes the short-crack toughness,’ corre-
spondingly reducing the wear resistance in severe abrasion
conditions.*” Despite the intense research activity in zirconia-
based ceramics during the last 20 years,"**"! very little atten-
tion has been given to short-crack phenomena in these
materials."

It is in this context that recent developments in Hertzian
tests using spherical indenters offer new insights."*'* Radical
departures from the classical cone crack patterns that character-
ize such homogeneous brittle materials as glasses and single
crystals™'® and ultra-fine-grain polycrystal ceramics'™'® are
observed in several heterogeneous, toughened ceramics.'*'*2
In the latter materials, cone fracture is partially or fully sup-
pressed in favor of distributed, microstructurally localized dam-
age in a zone of high compression—shear beneath the contact
circle. Macroscopically, the shape of the damage zone resem-
bles that observed in metals,” and may accordingly be regarded
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as a kind of “plasticity” or “quasi-ductility.” Evolution of the
plastic component of the deformation is readily quantified as a
departure from ideal linear elastic on an indentation stress—
strain curve.'*'*?

The present study investigates the nature of Hertzian contact
damage in a Mg-PSZ material, in the as-fired (AF), peak-aged
(PA), and over-aged (OA) states. We will find that the mode of
damage is fundamentally different for the material in each of
these three aging states. Whereas the tetragonal-monoclinic
transformation plays an important role in the PA material, alter-
native deformation processes dominate in the other states.

II. Experimental Procedure

Eutectoid-aged 9.9 mol% Mg-PSZ (ICI Advanced Ceramics,
Australia), as previously described,* was used in this study. The
fabrication process involved an initial sintering in the cubic (c)
phase field at a temperature =~1700°C, followed by cooling at
~500°C/h, producing an AF material with finely dispersed
intragranular tetragonal (¢) precipitates. This particular sinter-
ing cycle was chosen so that none of the precipitates were
coarse enough to effect transformation to the monoclinic (m)
phase, thus providing an untoughened material for baseline
comparison. Some specimens were then heat-treated at the
eutectoid temperature of 1400°C to coarsen the precipitates: for
2 h, producing PA specimens with optimum strength; and for
16 h, producing OA specimens with diminished strength
(although not back to the low level of the AF material).

Microstructures have been previously characterized by opti-
cal and electron microscopy and neutron diffraction, to estab-
lish the c-phase matrix grain structure and sizes and relative
proportions of the ¢ and m precipitates.* During the aging the
size of the matrix grains remains invariant at ~35 pm, but the
precipitates coarsen at the expense of the cubic phase and
ultimately transform spontaneously above a critical size. In the
AF state, the phases are in the ratio c¢/t/m =~ 80/20/0, with
subcritical lenticular precipitates =100 nm in length. In PA, the
ratio is ¢/t/m 55/45/0, with near-critical precipitates
~300 nm. In OA, the ratio is ¢/t/m = 50/10/40, with supercriti-
cal precipitates ~500 nm.

Specimens from each aging state were polished to 1-pm
finish with diamond paste, and gold coated prior to indentation.
Indentations were made using tungsten carbide (WC) spheres
of radius » = 1.59, 1.98, 3.18, 4.76, 7.94, and 12.7 mm in a
universal testing machine (Model 1122, Instron, Canton, MA)
at constant crosshead speed 1.67 pm-s™, with peak indentation
loads P = 600, 1000, 1500, 2000, 2500, and 3000 N. The
surface contact radius @ was determined from the residual
impression left in the gold coating at each prescribed peak load
P,"* to enable evaluation of the indentation stress (p, = P/wa®)
as a function of indentation strain (a/r).>>’

Optical microscopy of the surface damage was carried out
on specimens coated after rather than before indentation. For
subsurface damage, tests were made on bonded-interface speci-
mens.'*”° Two polished half-blocks were bonded with a thin
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layer (<5 pum) of adhesive (Loctite, Newington, CT) to form a
vertical internal interface, and the top horizontal surface was
then ground and polished. A sequence of indentations was
subsequently made along the interface trace on the top surface.
The two halves of the indented specimen were then separated
by dissolving the adhesive in acetone. The top and side faces
were gold coated and examined in Nomarski interference con-
trast to provide surface and subsurface views of the damage
patterns. Some scanning electron microscope examinations
were also made on the sections for fine detail.

Acoustic emission was used to monitor the damage evolution
during indentation (LOCAN 320, Physical Acoustics,
Princeton, NJ). Acoustic activity was recorded using a piezo-
electric transducer attached with rubber cement to the specimen
top surface. Data were recorded as accumulated acoustic energy
vs elapsed time at constant crosshead displacement speed dur-
ing the loading and unloading half-cycles.

III. Results

(1) Indentation Stress—Strain Curves

Figure I plots indentation stress—strain data for the AF, PA,
and OA Mg-PSZ materials. The dashed line is the Hertzian
relation p, = (3E/4wk)a/r for purely elastic contacts, using
Young’s modulus £ = 210 GPa for Mg-PSZ and coefficient
k = 0.69 for WC spheres on Mg-PSZ."*** The solid curves
through the data are empirical fits. For all three materials, the
measured curve bends away from the ideal elastic behavior at
low strain, confirming a plastic component in the deformation.
This plastic component increases with the aging time, i.e., in
the order AF — PA — OA.

(2) Optical Microscopy

Micrographs of the surface damage obtained at radius r =
3.18 mm and peak load P = 1000 N are shown for each of the
AF, PA, and OA materials in Fig. 2. The contact pressures for
these three materials are p, = 5.4, 4.9, and 4.3 GPa, respec-
tively, i.e., in an intermediate region of Fig. 1. The impression
becomes more pronounced in the order AF — PA — OA,
consistent with the trend to increasing plasticity in Fig. 1. Clear
differences in the qualitative features are apparent in the three
surface patterns:

(a) In AF there is little sign of a residual depression at the
contact center, but very faint traces of incipient cone cracks
(arrows) appear at the contact periphery.
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Fig. 1. Indentation stress—strain curves for eutectic-aged Mg-PSZ,
using WC spheres of radii r = 1.59, 1.98, 3.18, 4.76, 7.94. and
12.70 mm (not distinguished on data points). Data for as-fired (AF),
peak-aged (PA), and over-aged (OA) states. Solid curves are empirical
fits to the data. Inclined dashed line is calculated Hertzian linear elastic
response for WC sphere on Mg-PSZ.
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Fig. 2. Surface views of Hertzian damage in Mg-PSZ. for (a) AF,
(b) PA, and (c) OA states. Indentations with WC sphere, radius r =
3.18 mm. peak load P = 1000 N.

(b) In PA the residual impression is smooth over the inner
contact, with traces of discrete damage immediately outside.
These traces appear to align along shear trajectories, i.e., 45° to
radial and hoop directions.***

(c) In OA the impression is again highly apparent, without
peripheral damage but with a recurrence of incipient cone
cracks.

Micrographs of the subsurface damage obtained at radius »» =
3.18 mm and peak load P = 1000 N are shown for each of the
three materials in the sections of Fig. 3. There is no sign of
downward propagating cone cracks, even in the AF and OA
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specimens (cf. Figs. 2(a) and (c)). In all three cases the damage
is discrete at the grain level and concentrated in the region of
high compression—shear stress below the contact:

(a) In AF grain boundary microcracking is visible, similar
to that seen in brittle polycrystalline ceramics like alumina'*"
and silicon nitride.”> However, unlike these other ceramics,
there is no discernible sign of any precursor intragranular
deformation.

(b) In PA the damage is characterized by a significant sur-
face rumpling, with —m transformation bands across individual
grains.'>*-* Again (cf. Fig. 2(b)), there appears to be a tendency
for the deformation to align along shear trajectories.*’

(c) In OA the damage appears to be relatively modest,
contrary to what might be anticipated from the observed deep

Fig. 3. Subsurface views of Hertzian damage in Mg-PSZ, for (a) AF,
(b) PA, and (c) OA states, obtained using bonded-interface section
technique. Indentations with WC sphere, radius » = 3.18 mm, peak
load P = 1000 N.
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impression in Fig. 2(c). There is some surface roughness, but
on a much reduced scale relative to PA (Fig. 3(b))., and no
bands are seen within individual grains. Some grain boundary
microcracking is evident, as in AF (Fig. 3(a)), but again on a
much reduced scale.

(3) Acoustic Emission

Plots of cumulative acoustic energy as a function of contact
time during an indentation cycle at sphere radius » = 3.18 mm
and peak load P = 1500 N are shown for the AF, PA. and OA
materials in Fig. 4. In all three materials the acoustic activity
occurs almost exclusively during the loading half-cycle. The
acoustic activity is relatively intense in AF, modest in OA, and
barely detectable in PA. This trend correlates with the degree of
microcracking observed in Fig. 3.

IV. Discussion

We have used Hertzian indentation to investigate the
mechanical response of a Mg-PSZ ceramic in three stages of
heat treatment: as-fired (AF), peak-aged (PA). and over-aged
(OA). Indentation stress—strain curves (Fig. 1) demonstrate a
significant plastic component in the deformation response,
increasing in the order AF — PA — OA. This differs from the
reported trend in traditional toughness and strength studies,
where optimal properties are observed in the PA state.* As far
as impact energy absorbing capacity is concerned. it is the OA
state which is optimal.

Micrographic examination of the surface (Fig. 2) and subsur-
face (Fig. 3) contact regions reveals the nature of the damage.
Propagation of macroscopic cone cracks, the traditional
response for homogeneous brittle solids, is suppressed. This
suppression is attributable to an intergranular mode of fracture
in the Mg-PSZ, as well as to the relaxation of tensile stresses
from the onset of “plasticity” (below). Downward deflection of
any incipient surface rings (Figs. 2(a) and 2(c)) along weak
grain boundaries diverts the crack front away from the tensile
stress trajectories into a compressive field." In this context we
recall the moderately large grain size, 35 wm. in the present
Mg-PSZ, so the deflections are not insignificant relative to the
scale of the contact radius (=250 wm, Fig. 2). As has been well
documented for alumina," the suppression of cone fracture is
dramatically more pronounced at larger grain sizes.

In all three aging states the plastic deformation is accommo-
dated as distributed grain-localized damage within the confined
compression—shear contact zone below the contact, similar to
that observed in other heterogeneous ceramics.'*'"** However,
the nature of the damage appears to be fundamentally different
in each material. In zirconia, the /—m transformation is a well-
established plasticity mechanism.'?*'** In the present Mg-PSZ,
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Fig. 4. Cumulative acoustic energy versus normalized contact time
during load—unload indentation cycle at constant crosshead speed in
AF, PA, and OA Mg-PSZ specimens, using WC sphere of radius r =
3.18 mm at peak load P = 1500 N.
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this mechanism appears to play a significant role only in the PA
state, as characteristic surface rumpling and shear bands within
grains in Fig. 3(b).>>* Recalling that the contact deformation
occurs in a region of strong hydrostatic compression, we con-
clude that it is solely the shear component of the field that is
responsible for activating the transformation in this instance.®
Once transformation does occur, expansion of the precipitates
must inevitably augment the existing state of hydrostatic com-
pression within the subsurface zone, helping to suppress any
tendency to microcracking. This is consistent with the almost
total absence of acoustic emission for the PA material in Fig. 4.

In the AF state, considerable microcracking is observed at
the grain boundaries within the subsurface damage zone,
Fig. 3(a). Generation of this kind of facet-scale microcracking
is often the consequence of some precursor shear fault, e.g.,
twinning in alumina," crystallographic slip in silicon nitride.?
Such intragranular shear faults provide intense local tensile
stress concentrations at the weak grain boundaries, and thereby
overcome the inhibiting influence of the compressive contact
stresses. They also account for any indentation plasticity. No
such faults were evident in the AF material in the present
observations, even at higher resolution in the scanning electron
microscope. This lack of conspicuous faulting is not inconsis-
tent with the relatively small deviation of the AF indentation
stress—strain curve from the ideal linear elasticity in Fig. 1.
Moreover, in some materials with especially weak boundaries,
e.g., machinable mica-containing glass-ceramics® and silicon
carbide platelet composites,” microcracking can occur by inter-
boundary sliding without precursor deformation. The high den-
sity of subsurface microcracking in Fig. 3(a) correlates with the
relatively high level of AF acoustic emission in Fig. 4. We note
that the bulk of the acoustic activity, and hence microcrack
initiation, occurs during the loading half-cycle. However, this
does not exclude the possibility that the bulk of microcrack
propagation might actually occur during unloading, as the sta-
bilizing influence of the compressive contact field is progres-
sively released.”

In the OA state, virtually all of the precipitates already exist
in the monoclinic phase prior to indentation, so transformation
is no longer so effective. Thus, the extreme surface rumpling
and shear banding that characterize PA in Fig. 3(b) are not so
apparent in Fig. 3(c). Yet OA shows a substantially greater
deviation than PA from a linear elastic stress—strain response in
Fig. 1. Hence there must exist some other, even more effective
mechanism of plasticity associated with the post-transformation
state in the Mg-PSZ. This mechanism is attributable to low-
stress monoclinic twinning within the submicroscopic mono-
clinic precipitates.*'** Twinning can produce highly localized,
submicroscopic cracking at the interphase boundaries,’ which
can further increase the plastic compliance. Twinning is also
unlikely to be as effective as transformation in inhibiting larger-
scale grain-facet fracture, consistent with the recurrence of
modest grain facet microcracking in Fig. 3(c) and OA acoustic
emission in Fig. 4. Finally, twinning in the OA state would not
be expected to produce as strong an uplift on the section face as
transformation in the PA state, consistent with the relatively
smooth damage pattern in Fig. 3(c) (cf. Fig. 3(b)).

The observations in this work raise issues concerning defor-
mation and fracture processes in zirconia ceramics. Transfor-
mation is an important element of the damage characterization,
but other modes exist, and can be even more effective in accom-
modating strain. Microcracking is an important element of
these other modes, and could account for diminished wear
resistance in the AF and OA states.*® The Hertzian test presents
itself as a particularly simple route to investigate such damage,
and is readily extendable to cyclic loading.”” A more detailed
study of these considerations in Mg-PSZ will be presented
elsewhere.
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